Billions of migratory birds navigate thousands of kilometres every year aided by a magnetic compass sense, the biophysical mechanism of which is unclear. One leading hypothesis is that absorption of light by specialized photoreceptors in the retina produces short-lived chemical intermediates known as radical pairs whose chemistry is sensitive to tiny magnetic interactions. A potentially serious but largely ignored obstacle to this theory is how directional information derived from the Earth's magnetic field can be separated from the much stronger variations in the intensity and polarization of the incident light. Here we propose a simple solution in which these extraneous effects are cancelled by taking the ratio of the signals from two neighbouring populations of magnetoreceptors. Geometric and biological arguments are used to derive a set of conditions that make this possible. We argue that one likely location of the magnetoreceptor molecules would be in association with ordered opsin dimers in the membrane discs of the outer segments of double-cone photoreceptor cells.
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Billions of migratory birds navigate thousands of kilometres every year aided by a magnetic compass sense, the biophysical mechanism of which is unclear. One leading hypothesis is that absorption of light by specialized photoreceptors in the retina produces short-lived chemical intermediates known as radical pairs whose chemistry is sensitive to tiny magnetic interactions. A potentially serious but largely ignored obstacle to this theory is how directional information derived from the Earth's magnetic field can be separated from the much stronger variations in the intensity and polarization of the incident light. Here we propose a simple solution in which these extraneous effects are cancelled by taking the ratio of the signals from two neighbouring populations of magnetoreceptors. Geometric and biological arguments are used to derive a set of conditions that make this possible. We argue that one likely location of the magnetoreceptor molecules would be in association with ordered opsin dimers in the membrane discs of the outer segments of double-cone photoreceptor cells.
Introduction
The radical pair mechanism currently offers the most promising explanation for the astounding ability of migratory birds to sense the direction of the Earth's magnetic field. It proposes that the field is detected via its influence on the coherent spin dynamics of a short-lived, photo-induced radical pair reaction intermediate [1 -3] . At present the most likely candidate molecule is the bluelight photoreceptor, cryptochrome, in which a flavin radical and a tryptophan radical are formed photochemically [4] [5] [6] [7] [8] . A signalling state is assumed to be produced from the radical pair state with a quantum yield that depends on the direction of the magnetic field with respect to an alignment axis of the protein molecules in the bird's body. Support for this proposition includes the observations that the compass requires blue-green light to function [9, 10] , that it detects the axis rather than the polarity of the magnetic field [11] , that the photochemistry of isolated cryptochromes in vitro is magnetically sensitive [12] , that magnetic compass information is processed in visual brain areas [13, 14] , that radiofrequency electromagnetic fields can disrupt birds' magnetic orientation [15] [16] [17] [18] , and that magnetic behavioural responses in Drosophila can be abolished by suppressing cryptochrome expression [19] [20] [21] [22] [23] [24] [25] [26] . There is strong evidence that the magnetoreceptors are located in the bird's retinas, where various cell types are known to contain cryptochromes [3,27 -30] .
The strength of the signal produced by a population of aligned magnetoreceptor molecules (e.g. the cryptochromes in a single cell) in response to a magnetic stimulus depends not only on the direction and intensity of the magnetic field but also on the number of radical pairs responsible for the signal. The fact that the radical pairs are created photochemically means that changes in light intensity would affect the output of a single cell in a manner that & 2017 The Author(s) Published by the Royal Society. All rights reserved.
would be indistinguishable from a change in the direction of the magnetic field experienced by the cell. This can be understood by considering a simple example. Suppose that when a field is applied in one direction, 10% of the radical pairs in a single receptor cell react to form the signalling state and that when the field is applied in a perpendicular direction, 20% of radical pairs end up in the signalling state. If the incident light entering the receptor cells excites 100 cryptochrome molecules to produce 100 radical pairs, there will be 10 molecules of signalling state produced when the field is in direction 1 and 20 when the field is in direction 2. Now suppose that the cell is exposed to more intense light, such that 200 cryptochrome molecules are excited to produce 200 radical pairs. When the field is in direction 1, 20 molecules of signalling state will be produced, exactly the same as if the field were in direction 2 under the lower light intensity.
It is worth noting that this argument applies even if the magnetically sensitive radical pair is produced in a light-independent reaction subsequent to the initial photoexcitation, as has been suggested in a recent study [31] . The number of radical pairs (and hence of signalling state molecules) depends on the concentration of the photochemically produced precursor state and therefore still depends on the number of photons absorbed.
A closely related problem is encountered in colour vision, where a single photoreceptor cell cannot distinguish a change in colour (increased intensity at some wavelengths at the expense of others) from a change in brightness (a uniform increase of intensity across all wavelengths). The problem is resolved by detecting the relative stimulation of neighbouring photoreceptor cells containing pigments tuned to different wavelengths [32] . Thus, the retina is capable of integrating signals from neighbouring photoreceptor cells. Such integration can be achieved either through horizontal cell inhibition and/ or by bi-stratified ganglion cells connecting to on-and off-bipolar cells. It has recently been suggested that magnetic sensing could work in a similar fashion, by detecting the ratio of signals from neighbouring receptor cells that have different orientations within the retina and hence different magnetic responses (see fig. 9 in ref. [3] ). Double-cone photoreceptor cells, the most common cone type in the avian retina [33] , seem particularly appealing in this context: the two membercones would be exposed to very similar light intensities and could house populations of magnetoreceptor molecules with well-defined orientations [3] .
Although comparing the signals generated by two populations of ordered magnetoreceptor molecules seems an obvious and elegant solution to the light-intensity problem, it raises questions about the effect of linearly polarized light on the operation of the compass sensor. The probability that a molecule absorbs a photon depends on the orientation of its transition dipole moment relative to the electric vector of the light, with maximum absorption occurring when the two vectors are parallel and no absorption when they are perpendicular, an effect known as photoselection [34] . Vertebrate rod and cone cells are normally insensitive to polarization because the opsin photoreceptor proteins in the membrane discs are free to rotate around the direction of the incoming light, so that, taken together, the opsins within a photoreceptor cell absorb all polarizations of light with equal probability [35, 36] . Aligned populations of magnetoreceptors will, however, preferentially absorb light of a particular polarization, i.e. a particular direction of the electric vector [37] .
Skylight is naturally polarized by scattering from molecules and particles in the Earth's atmosphere [38, 39] . The degree and axis of the polarization depend on the direction of observation relative to the light source, which can be the sun or the moon [40, 41] . This variation means that aligned receptors receiving light from different regions of the sky will absorb different numbers of photons and hence produce different numbers of radical pairs. The attendant changes in the yield of the signalling state could easily swamp the much smaller variations produced by the magnetic field (estimated at 1% or less) [42, 43] in a similar way to changes in light intensity. Muheim et al. have suggested that polarized light may indeed alter a bird's perception of the magnetic field [44] .
We argue here that there is a way in which the strong effects of light intensity and polarization can simultaneously be prevented from obscuring the weak directional information available from the magnetic field by using the ratio of the outputs from two neighbouring populations of magnetoreceptors. We use geometric arguments to derive a set of conditions under which this is possible and propose how they could be realized in cells in the retina.
Results
If the ratio of signals from two adjacent cells, A and B, in the retina is to contain only information about the magnetic field, then light-induced radical pairs must be formed with identical probability in the two cells but the magnetic field effects on the receptors in A and B must differ. This imposes certain constraints on the orientations of the magnetoreceptor molecules within the cells and the cells within the retina, which we now derive using simple geometric and biological arguments.
Geometric requirements: relative orientation of magnetoreceptor cells
We start with no preconceptions about the orientations of the magnetoreceptors or the cells that contain them, and make three assumptions: first, that the two cells, side-by-side in the retina, receive equal numbers of photons per second, and, second, that the orientations of the magnetoreceptor molecules contained in each cell are identical. The only difference between the two cells is that one is rotated relative to the other by an angle, and around an axis, to be determined. Note that we do not need to assume that the cells contain equal numbers of photoreceptor molecules. For example, if cell A contains twice as many photoreceptors as cell B, the probability of a photon being absorbed will always be twice as high in cell A compared to cell B, regardless of changes in light intensity or polarization. Therefore, the ratio of signals A/B will be multiplied by a constant factor of 2. The important thing is that the probability per photoreceptor of absorbing a photon is identical in the two cells. However, for simplicity, equal numbers of photoreceptor molecules in each cell are assumed for all the simulations presented here.
The third assumption is that the magnetoreceptor molecules have perfect rotational order within the cells. The eye is imagined to operate as a pinhole camera. Rays of light are assumed to enter the eye via the pinhole (the pupil) and to strike the retina at a position determined simply by their direction, without refraction or scattering.
To convert identical numbers of cryptochromes from the resting state to the radical pair state, the probability of rsif.royalsocietypublishing.org J. R. Soc. Interface 14: 20170405 photon absorption by the flavin chromophores should be the same in the two cells. The absorption probability is proportional to cos 2 v, where v is the angle (0 v , 1808) between the transition dipole moment (TDM) of the flavin and the electric vector of the incoming light, e [34] . (Vector quantities are written in bold face.) For 100% linearly polarized light, e has a unique orientation in the plane perpendicular to the light-propagation direction, v, whereas for unpolarized light all orientations of e perpendicular to v occur with equal probability. In cryptochrome, the TDM lies approximately parallel to the long in-plane axis of the isoalloxazine ring system of the flavin chromophore, labelled y m in figure 1a [34, 45, 46] .
The rotation that relates the orientations of the two cells will, in general, change the orientation of the TDMs in A and B relative to e. If the chromophores in A and B are to have the same probability of absorbing a photon, we must have cos
For the separation mechanism to work for all possible polarizations, the cell rotation needs to preserve cos 2 v for an e-vector with an arbitrary direction in the plane perpendicular to v. The conditions for this to occur can be deduced using elementary vector algebra. In the following, vectors are written in terms of their projections (e.g. p x , p y , p z ) onto three orthogonal axes (x, y, z, respectively). Thus, a general vector, p, is written
where i, j and k are unit vectors along the x, y and z axes, respectively. Note that the scalar product of two vectors p and q is defined by pÁq ¼ p x q x þ p y q y þ p z q z and that the scalar product of two unit vectors is equal to the cosine of the angle between them. Taking v as the z-axis, the unit vector that represents the polarization must lie in the xy-plane and has the general form:
e ¼ ðe x , e y , 0Þ:
ð2:1Þ
If the TDM of the receptor molecules in cell A is defined, without loss of generality, by the unit vector
then cos 2 v A is equal to the square of the scalar product of vectors e and t A :
ð2:3Þ
For the particular e-vector shown in figure 1b , a molecule in cell B whose TDM vector points from the origin to any point on the surface of one of the two cones satisfies cos 2 v A ¼ cos 2 v B , i.e. has the same probability of absorbing a photon as does the molecule whose TDM vector is t A . However, only the four vectors in equation (2.4) give the same probability of photon absorption as does t A for any direction of e in the xy plane (i.e. any polarization of the light):
ð2:4Þ
That is, the rotation that relates A and B must either invert the x-component or the z-component of the TDM or invert both or leave both unchanged.
The next stage is to use biological arguments to eliminate three of the four TDM orientations in equation (2.4) . The most probable location of the magnetoreceptors is inside rod or cone photoreceptor cells [3] . Cryptochromes have been found in several types of photoreceptor cells [27, 29] , and of all the cells in the retina the photoreceptors are the only ones known to contain multiple highly ordered structures-the membrane discs-that could provide an ideal scaffold for aligning and immobilizing magnetoreceptor molecules [48] . Both rod and cone photoreceptors are roughly pencil-shaped [49] with approximate cylindrical symmetry; they connect to the layer of horizontal and bipolar cells at one end and to the pigment epithelium at the other. It therefore seems most likely that the A $ B rotation would be around the long symmetry axis of the cell which, in vertebrate eyes, points directly at the pupil irrespective of the cell's position in the retina [50] [51] [52] [53] . We therefore infer that the A $ B rotation should be around the direction of the incoming light, v, (defined above as the z-axis) in our pinhole-camera eye.
Returning to equation (2.4), this conclusion immediately excludes t B2 and t B3 because a z-rotation of a vector leaves its z-component unchanged. t B1 , which is identical to t A , may also be ruled out on the basis that the TDM would have to be parallel to the rotation axis (i.e. v) in which case cos 2 v A and cos 2 v B would both equal zero (equation (2.3)) and no light would be absorbed by the magnetoreceptors in either cell. Thus (figure 1c), we are left with t B4 . Because t A and t B4 differ only in the sign of their x-components, the rotation around the z-axis that relates the two cells, i.e. converts t A into t B4 , must be 1808.
Geometric requirements: orientation of magnetoreceptor molecules
Having determined the required cell rotation, we now use a similar analysis to identify and hence exclude those orientations of magnetoreceptor molecules that lead to the same magnetic signals from the two cells. Theoretical treatments of the anisotropy of the magnetic field effect on flavin-containing radical pairs in cryptochrome have found that the yield of the putative signalling state of the protein approximates to [34, 42, 47] FðjÞ ¼ X n¼0,1,2,ÁÁÁ a n ðsin 2 jÞ n , ð2:5Þ
where the a n coefficients are constants for a given magnetic field strength and j is the angle between the magnetic-field vector and the z m -axis of the flavin in the radical pair (figure 1a). F(j) is cylindrically symmetric around z m and invariant to inversion of the magnetic field direction (j ! 1808 2 j), consistent with the axial nature of the avian compass [11] . If the lifetime of the spin-coherence in the radical pair is less than about a microsecond, the terms with n ¼ 0 and n ¼ 1 dominate and F(j) has a broad, shallow minimum at j ¼ 908 (because a 1 , 0, figure 1d ). For longer coherence lifetimes, the flavin -tryptophan radical pair has been predicted to show, additionally, a strong, narrow 'spike' [47] (figure 1d), that can be modelled by higher order terms (n ! 2) in equation (2.5). It has been argued that this feature, which arises from an avoided crossing of the energy levels of the electron-nuclear spin system of the radical pair [47] , could afford a precise compass bearing that would be consistent with the ability of migratory songbirds to detect the axis of the magnetic field with an accuracy better than 58 [54] [55] [56] The magnetic signals (equation (2.5)) from cells A and B will only be identical when sin 2 ð2:6Þ
The only way that sin 2 j A ¼ sin 2 j B for an arbitrary direction of the magnetic field, b, is either m z ¼ 0 or m x ¼ m y ¼ 0, i.e. when the two z m -axes are either perpendicular or parallel to the cell rotation axis. In both cases, the two cells would deliver identical magnetic information and the ratio of their outputs would be independent of the magnetic field. In practice, therefore, orientations of the magnetoreceptor molecules that are not too close to either of these extremes should lead to significantly different signals from A and B (see below).
In summary, for axially symmetric receptor cells with the symmetry axis parallel to the incoming light, the ratio of the .3) ). However, only four of these vectors, t B1 , t B2 , t B3 and t B4 (all in the xz plane) give the same probability of photon absorption as t A for any direction of e in the xy plane. t B1 is identical to t A . t B2 ¼ 2t B1 (i.e. t B1 exactly inverted). t B3 and t B4 are, respectively, the reflections of t B1 and t B2 in the xy plane. Only t B4 is related to t A by a rotation around the z-axis. 
Directional information
In the previous section we derived the conditions under which the ratio of the signals from two adjacent cells in the retina depends only on the orientation of the cells with respect to the axis of the magnetic field. We now explore the directional information conveyed by this ratio.
To keep things simple, we initially consider a single pair of cylindrical cells, A and B, located side-by-side in the retina at a position on the optical axis, i.e. diametrically opposite the pupil (figure 1e). B is rotated relative to A by 1808 around the direction of the incoming light, v (which in this case coincides with the optical axis). The cells contain identical magnetoreceptor molecules arranged as in figure 1c with the TDMs ( y m ) aligned parallel to the x c -axes of the cells and the magnetic symmetry axes (z m ) placed in the y c z c -plane at an angle of 658 to the symmetry axes of the cells (z c ). The anisotropy of the magnetic signal has the form of equation (2.5) with the coefficients chosen to give a broad background and a prominent spike when the magnetic field is perpendicular to z m (j ¼ 908, figure 1d ) .
We use the Rayleigh sky model for the polarization of the light entering the eye [57 -59] . The direction of the electric vector and the degree of polarization vary in a circular fashion around the axis connecting the observer to the sun (figure 1f ), with a band of maximum polarization passing north-south across the sky when the sun is on the horizon in the west. This position of the sun was chosen to simulate the twilight conditions under which birds appear to use polarized light cues to calibrate their magnetic compass [60 -64] . The maximum degree of polarization was taken as 0.75 (a reasonable value for a clear sunlit sky [65] ). This polarization pattern and the arrangement of the cells in figure 1c ,e maximize the amount of light absorbed when the eye 'looks' horizontally due north. Full details of the calculation are given in the electronic supplementary material.
We calculate the signals from the two cells, F ðj A Þ and F ðj B Þ, as the eye scans the sky by means of rotations around two perpendicular axes ( pitch and yaw, figure 1e ). As the line of sight changes, each cell registers the spike whenever the z m -axis of its magnetoreceptor molecules is perpendicular to the magnetic field axis, which here points north with an inclination angle of 668 relative to the horizontal. The panels in figure 2a,b show F ðj A Þ and F ðj B Þ, respectively, projected onto the celestial sphere. The spike in the yield of the signalling state (figure 1d) appears as a narrow band arcing across the sky and the two cells produce mirror-image patterns. The remainder of the magnetic signal (the n ¼ 1 term in equation (2.5), shown as the orange trace in rsif.royalsocietypublishing.org J. R. Soc. Interface 14: 20170405 figure 1d ) produces a much broader band that is difficult to detect in these figures. The bands associated with the spikes are less apparent for the individual cells when the light is polarized ( figure 2c,d ) as the magnetic information is partially obscured by the strong variation in light absorption arising from photoselection. However, the ratio of the two signals, F ðj A Þ=F ðj B Þ, which displays a pattern of two bands, one derived from each cell, is, as expected, identical whether the incoming light is polarized or not (figure 2e). The two bands cross when the orientation of the eye causes the z mA and z mB axes to be simultaneously perpendicular to the magnetic field, producing a distinct feature that could be used to provide a precise compass bearing. For the geometry used to produce figure 2, this crossing marks magnetic north at an elevation angle equal to the complement of the magnetic inclination, i.e. 248. A different choice of the orientation of the magnetoreceptor molecules in the cells either puts the crossing point at a different point in the sky or causes the two bands not to cross (a crossing point only occurs when the angle between the vector product z mA Â z mB and the y c -axis (figure 1c) is smaller than the inclination of the magnetic field, as shown in the electronic supplementary information). Simulations similar to figure 2 suggest that the optimum orientation of the cryptochrome molecule occurs when its magnetic symmetry axis (z m ) lies in the y c z c plane of the cell (figure 1c) and makes an angle of 60-708 with respect to the cell's symmetry axis (z c ). With this geometry, the two bands that arise from the spike (figure 2e) have close to their maximum amplitude and cross at an angle of ca. 908, arguably affording the clearest indication of the direction of the north-south axis. Moreover, when z m lies in the y c z c plane, the crossing point exists for any magnetic field-inclination. Figure 3 shows the result of a related calculation. Instead of a single pair of magnetoreceptor cells positioned on the optical axis of an eye that scans the sky, we show the signals from an array of paired cells distributed around the retina when the eye looks horizontally to magnetic north. The pattern that results is essentially identical to that in figure 2e.
It is not known whether spin coherence could be preserved long enough in the avian compass to produce a spiked signal of the type modelled above. However, it is still possible to identify a particular bearing (e.g. north) using our proposed receptor set-up with radical pairs that do not produce spikes. Figure 2f ,g show an example of this for a radical pair whose singlet yield is described by
(see orange trace in figure 1d ). In these patterns, north can be identified by the point at which the F ðj A Þ=F ðj B Þ ¼ 1 contours cross. It has been our aim to find conditions under which the ratio of light-induced signals from two adjacent cells is independent of the intensity and polarization of the incident light. However, this is not to say that polarized light no longer has an effect on the output of the compass. If light is polarized parallel to the TDMs of the receptors, more photons will be absorbed than if the light is unpolarized, producing stronger signals from both cells. Although this does not change the size of the A/B ratio (figure 2e), it does lead to an improvement in the signal-to-noise ratio. The example magnetoreceptor orientation used for figure 2 has the TDM oriented such that the chromophore preferentially absorbs the maximally polarized light in the band that stretches across the sky from the northern horizon, to the southern horizon passing through the zenith ( figure 1f) . In other words, the position of the cross in figure 2e coincides with a direction in which the signal-to-noise should be at a maximum.
Discussion
We have discussed the problems associated with a lightdependent magnetoreception mechanism in which magnetic compass information is potentially obscured by variations in the intensity and polarization of the light required to activate the magnetic sensor. The dependence on light intensity can be removed by taking the ratio of the outputs from two neighbouring cells, which receive the same amount of light in the relevant spectral range but generate different magnetic signals [3] . The photoselection effects arising from skylight polarization can also be avoided if the two cells are related Probably the most stringent geometric constraint is that the magnetoreceptor molecules must have a single dominant orientation inside the cells. Previous studies have recognized that a high degree of immobilization and some degree of alignment among the magnetoreceptors is likely to be required for direction sensing [2, 34, 48, 66] . Proposed ways in which this could be achieved [5, 27, 28, 48] include fixing the magnetoreceptor molecules between the stacked membrane discs in the outer segments of photoreceptor cells, binding to quasi-cylindrical membranes in the inner segments of photoreceptor cells, and attachment to the cytoskeleton in retinal ganglion cells. However, it is difficult to see how any of these interactions would preferentially constrain a magnetoreceptor molecule to a single orientation. For example, consider a cryptochrome hypothetically tethered to a rhodopsin molecule embedded in a membrane disc in the outer segment of a photoreceptor cell. Although the rhodopsin orients with its helices spanning the membrane, it is free to rotate around the axis perpendicular to the membrane surface [35, 36, 48] . A cryptochrome tethered to the rhodopsin would therefore be disordered with respect to rotation around the axis of the cell. Under these circumstances, cells A and B would, on average, give rise to identical magnetic signals. A related point that emerges from these considerations is that if the magnetic directional information is separated from light intensity and polarization effects as proposed here, the suggestion of Lau et al. [34] , that photoselection could allow randomly oriented populations of cryptochromes to act as direction sensors, is unlikely to be viable.
By contrast, the highly ordered 'tracks' of rhodopsin dimers recently discovered in the membrane discs of the outer segments of mouse rod photoreceptors [67] could provide the necessary template for orienting magnetoreceptor proteins [3] . The dimer tracks are uniformly aligned parallel to the incisure of the discs which consist of flattened sacs of bilayer membranes, shown schematically in figure 4 [67, 68] . Specific binding of a cryptochrome to a rhodopsin dimer would lead to two symmetry-related cryptochrome orientations in each cell. If the geometry of the interaction were as drawn in figure 4 , the two orientations would have the same absorption probability for polarized light and the same magnetic field effect (because the y m axes are parallel to one another and the z m axes are antiparallel). Rotation of the cell and its contents by 1808 around its z c axis, as shown in figure 4 , would not change the absorption probability but would alter the magnetic field effect (because y m is still along the +x c axis but z m now points in a different direction). It is not essential that the cryptochrome binds directly to the rhodopsin dimer, but it is important that the interaction, whether mediated by other molecules or not, substantially restricts the rotational freedom of the cryptochrome molecules. Currently, not enough is known about the possible interaction partners of cryptochrome to do more than speculate about the possibility of it binding to rhodopsin. However, it is worth noting that, as the interaction could be mediated via linker molecules, there are no specific structural requirements that would make this interaction implausible.
In addition to a high degree of ordering of the cryptochromes within the cells, our proposed mechanism requires that the cells occur in pairs with a fixed, well-defined relative orientation of the two partners. Double-cone photoreceptor cells offer one way this could be achieved [3] . These cells are aligned in the retina, contain ordered structures on which cryptochromes could be oriented, and could allow magnetic information to be separated from light intensity and polarization effects as described above. Moreover, cone cells are not visually active at night so that changes in The cryptochrome molecule is imagined to bind identically to the top and bottom layers of the discs with the same geometry as in figure 1c . Consequently, binding to rhodopsin tracks in the top and bottom of the membrane discs could fix the cryptochrome molecules into one of two mirror image orientations in each cell. The probability of absorbing a photon is the same for all the cryptochromes in both cells. However, cell A and B will respond differently to an external magnetic field due to the differing orientations of the cryptochrome z-axes. Thus, taking the ratio of the outputs from the two cells will give a signal that depends solely on the magnetic field conditions.
rsif.royalsocietypublishing.org J. R. Soc. Interface 14: 20170405 membrane potential generated by magnetic sensors in nocturnal migrants would not have to compete with those generated by visual pigments at night [3] . Given their pencil-shape morphology, it seems plausible that the two components of the double cones could be related by a (1808) rotation around the cell axis as proposed above. However, some aspects of double-cone morphology could potentially make them unsuitable for our suggested separation mechanism. Firstly, morphological data indicate that, at least in some bird species, just one member of the double cone is associated with a complete oil droplet, while the secondary member either lacks a droplet or possesses a smaller droplet [69] . As these droplets function as filters that narrow the spectrum of light, the assumption that both members of the double cone receive the same light input could be problematic [70, 71] . Note that if the oil droplets caused different amounts of light to enter the two cells in a constant ratio, independent of the intensity and polarization of the incident light, this would be equivalent to having different numbers of receptors inside the two cells and would not prevent the separation mechanism from working. If, on the other hand, the fraction of light passing through the oil droplet did depend on its intensity or polarization, the mechanism would break down at the most fundamental level. Second, the model we propose requires that the double cones would need to function as separable units because it is the differential synaptic output that would reflect the magnetic stimuli. However, it appears that at least some double cones are electrically coupled by gap junctions [72] and it is unknown whether these junctions would be functionally 'open' during magnetoreception. Neither of these morphological issues has been studied in night-migratory songbirds and, consequently, there are currently too many unknowns to judge whether double cones could really be responsible for magnetoreception, although they are undoubtedly potential candidates. An alternative to comparing the signals from two members of a double cone would be to compare signals coming from two independent neighbouring single or double cones with more similar morphology.
If the magnetoreceptors are indeed inside photoreceptor cells that point at the pupil, as described above, the 1808 cell rotation we have proposed is the only way to detect a pure magnetic signal when the incoming light is polarized. However, the precise location of the magnetoreceptors is not known and it is possible that they may occur in other cell types. Conditions for detecting pure magnetic information when the rotation axis of the cell is not parallel to the direction of the incoming light can be derived by extending the above analysis and are outlined in the electronic supplementary material.
The other obvious way to prevent skylight polarization patterns overwhelming the magnetic signal would be to depolarize the light either as it enters the eye or as it enters the cell that contains the magnetoreceptors. This would place far less stringent conditions on the orientation of the magnetoreceptors and their host cells but would seem to be at odds with the fact that birds apparently display polarizationsensitive behaviour, and specifically that they appear to calibrate their magnetic compass using polarized light cues at dusk [60] [61] [62] [63] [64] . For the magnetoreceptor to receive depolarized photons without disrupting the birds' ability to respond visually to polarized light, the magnetoreceptor molecules could not be located in the polarization-sensitive photoreceptor cells and would need their own depolarizing filters. In many, but not all, animals polarization detection is mediated by ultraviolet receptors (e.g. some insects [73] [74] [75] and fish [76, 77] ).
Conversely, it is possible that birds do not have a mechanism for separating magnetic and polarized light signals. The ratio of two 908-rotated cells could be used to remove light intensity, leaving a combined polarization and magnetic signal, which would be in keeping the observation of Muheim et al. [44] that the polarized light cues seem to interact directly with the magnetic compass. However, if this were the case, the bird would need to detect weak magnetic signals in the presence of potentially much larger variations coming from differences in polarization across the sky.
We expect that ultrastructural analyses of the rod and cone photoreceptors in bird retinas using electron microscopy will be capable of testing several aspects of the hypotheses presented here.
Finally, although the results in figure 2 demonstrate that our proposed separation mechanism works for both spike producing and non-spike producing radical pairs, it is clear that the ability to produce a spike offers a great advantage when it comes to identifying a precise magnetic field direction. To determine a direction from figure 2f (no spike) with the same precision as from figure 2e (spike), the bird would need to be over ten times more sensitive to changes in the yield of the signalling state. This high sensitivity requirement would make the compass more susceptible to noise and less able to function under low light conditions. Data accessibility. This article has no additional data.
